Three rectorite samples from the Beatrix Gold Mine, South Africa were characterized. Scanning electron microscopy revealed a layered morphology. High resolution transmission microscopy 
Introduction
Rectorite is a 1:1 regular interstratification of dioctahedral mica and dioctahedral smectite (Bailey, 1981; Bailey et al., 1982; Brown, 1963) . The swelling of the mineral is caused by the hydration of the exchangeable cations of the montmorillonite-like layers.
Rectorite occurrence of economic value exists in China . Rectorite was also discovered in the Beatrix Gold Mine located near Welkom, South Africa (von Rhaden, 1994) . There it is found in modified shale bands, up to 0.5 m thick, both in the hanging and footwall of the Beatrix reef close to a major underground fault. The bands consist of low-grade metamorphic rock with mineral composition of quartz, muscovite, paragonite, chlorite, pyrophyllite, rectorite, smectite and chloritoid. The rectorite formation is associated with the alteration of other phyllosilicates, pre-existing pyrophyllite in particular, under metamorphic conditions of at least 350°C and 2.5 kbar (von Rhaden, 1994) . The shale has been associated with gold losses at the mine in the process of physical and chemical extraction of the gold (Van Vuuren et al., 2000) . Beatrix Mine rectorite is a Na-Ca-rich threecomponent mixed layer made up of smectite, paragonite and margarite Lausen, 1999) .
The mixed-layer structure of rectorite, made up of alternating non-expandable (mica) and expandable (smectite) layers in a 1:1 ratio, defines a set of specific properties that differ from those of mica and smectite alone. For example rectorite dispersions provide for unique behavior, e.g. facilitating the synthesis of ultralight gels that are useful as adsorbents (Lu et al., 2015; Zheng et al., 2013) . The present interest is in pursuing the use of this mixed-layer clay as nano-additive in polymer-based nanocomposites where it has also been found to impart desirable mechanical properties, e.g. improving the ductility of poly(lactic acid) (Li et al., 2009) . This communication provides characterization data on Beatrix rectorite and is a first step towards this goal.
Materials and Methods

Materials
Three samples containing rectorite from Beatrix Mine were obtained and examined. Sample RT1 was collected in 1995, sample RT2 in 2010 and sample RT3 in 2012. The samples differ in their visual appearance with RT1 containing large light blue-grey platy aggregates with silky luster, while RT2 and RT3 represented disintegrated host rock mine material. All samples were subjected to various purification procedures aimed to produce high purity material for various tests and experimental applications. Unless otherwise indicated, the characterization presented in this paper is based on purified material with rectorite content above 90 wt.% (as determined by XRD analysis). Structurally and chemically the purified materials from the three samples were very similar and were categorized as rectorite, except where applicable specifics are highlighted.
Sample preparation
Sample preparation was applied as carefully as possible to prevent any physical distortion of the clay structure that may affect the experimental results. The general guidelines on sample preparation for clay minerals (Brindley and Brown, 1980; Moore and Reynolds, 1997) were followed with slight adaptations to accommodate specifics encountered in the preparation process.
Purification. Where applicable, the raw rectorite was first disaggregated with a laboratory jaw crusher (sample RT1) to break down large platy aggregates to around 1 to 2 mm, followed by further size reduction in a mixer-grinder. Samples RT2 and RT3 were sieved and the < 75 µm fraction used for further purification. Material (ca. 50 mg) was dispersed ultrasonically in deionized water (~250 mL) to allow disaggregation and the formation of a suspension. A settling time of 5 min was established for optimal recovery of the clay fraction. The solid was separated from the water by centrifugation at 2000 rpm for 30 min. For oriented preparations, the clay residue, mixed with small amount of water, was deposited onto glass slides by a pipette and air-dried (AD) for XRD analysis. Glycerol (G) and ethylene glycol (EG) saturation was achieved by the vapor method. The AD oriented mounts were placed in a desiccator with glycerol or ethylene glycol for 16-18 h overnight at a temperature of 60°C and analyzed again on the X-ray diffractometer. The nature of the expandable component in the mixed-layer structure was determined by the Greene-Kelly test.
It entails X-ray diffraction of Li-saturated oriented specimens after heating at 300°C followed by glycerol saturation (Greene-Kelly, 1952) . The test was duplicated with high repeatability of the results. Relative humidity in the laboratory was maintained between 50% RH and 60%
RH.
Removal of the calcium carbonate (12-15 wt.%) impurity from sample RT1 was accomplished by using 0.3 M acetic acid following a standard method (Ostrom, 1961) . The separation was performed at room temperature and the process was closely watched by monitoring the pH after each cycle. The samples were repeatedly washed after effervescence had subsided. X-ray diffractograms were compared before and after exposure to acid to ensure that no damage to the rectorite structure had occurred.
Saturation of rectorite with various cations, i.e. lithium, sodium, potassium, strontium and barium, was achieved by treating about 20 g of sample with 1 M solution of the respective chlorides. The exchange procedure was carried out using a shaker for three days at room temperature. The frequency of the shaker was adjusted to 225 rpm. The saturation was repeated three times per day replacing the liquid each time with fresh solution containing an excess of the exchanging cation. The last round was completed by multiple washing with deionized water through three shaking sessions to remove excess chloride. To ensure that all chloride ions are removed a test was performed by reaction of an aliquot of supernatant solution with 0.1 M AgNO 3 . The washed clay was separated by centrifugation in acetone for 30 min at a speed of 2000 rpm.
Preparations for powder XRD (pXRD) measurements utilized a McCrone
micronizing mill with corundum grinding elements. It reduced the mean particle size of the milled sample to ensure homogeneous subsample for X-ray diffraction. About 4 g of milled sample was ground with 10 mL ethanol for 8 min and each sample was prepared in duplicate.
Calibration mixtures prepared by adding ZnO (or corundum) as an internal standard were ground and homogenized following the same procedure. Slurries were air dried and homogenized in a vibrating mill with steel balls prior to XRD measurements.
Characterization
Preliminary visual description and color imaging was done using a Leica Wild 10 binocular microscope. Morphological and structural observations and imaging were performed by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Scans from 2 to 70° 2θ for random powder preparations and 2 to 36° 2θ for oriented specimens were recorded in step scan mode at a speed of 0.02° 2θ steps size/5 s and generator settings of 40 kV and 40 mA. Sample spinner was on for all powder measurements for representative particle statistics. Rietveld refinements and quantification were done with DIFFRAC. TOPAS V4.2 software using the fundamental parameters approach (FPA) (Cheary and Coelho, 1992) .
The SEM/EDS analysis
X-ray diffraction measurements were performed on oriented clay preparations, thin flakes of raw rectorite and random powder preparations. Diffraction data from oriented measurements at air-dried state and after various treatments were used to characterize the structure and swelling properties of rectorite. Random powder diffraction on micronized material was carried out to determine the nature and proportion of impurities. Details of the pXRD data analysis are presented in the Supplementary Material. hydraulic press with the applied pressure at 344 MPa. The glass disks and wax pellets were analyzed by a PANalytical wavelength dispersive Axios X-ray fluorescence spectrometer equipped with a 4 kW Rh tube.
Fourier transform infrared spectroscopy (FTIR).
Infrared spectra were recorded using a diamond ATR cell, which fitted in the macro sample compartment of a Bruker Optics Vertex 70v spectrometer. The sample compartment was evacuated during acquisitions and the contact area between the sample and the diamond ATR crystal was 2 mm in diameter.
Spectra were recorded with 32 acquisitions at 4 cm −1 resolution over a spectral range of 4000-400 cm −1 .
Thermogravimetric analysis (TGA) was performed using the dynamic method on a
Mettler Toledo A851 TGA/SDTA instrument. About 15 mg sample powder was placed in an open 70 µL alumina pan. Temperature was scanned from 25 to 1200°C at a rate of 10°C min −1 with air flowing rate of 50 mL min −1 .
Results
Microscopy
"Pure" rectorite from Beatrix mine features a platy-leafy morphology with a pale blue-grey color and brown pigmentation along cracks and folds, probably caused by iron Preliminary SEM observations of sample RT1 revealed calcite and quartz particles trapped between the rectorite sheets of larger platy rectorite fragments (Figure 3 ). In the disintegrated material from samples RT2 and RT3, rectorite coats individual quartz grains or serves as binding media for quartz and other impurities forming aggregates and lumps ( Figure 4 ). This suggested that impurities could be liberated through ultrasonic dispersion and separated by gravity sedimentation. In this way it was possible to remove the larger-than-clay fraction components such as quartz. High resolution transmission microscopy (FETEM)
performed on raw rectorite platelets shows continuous silicate layers in parallel to sub- Figure 6 shows the FTIR spectrum recorded for purified RT1. The IR vibration spectrum of untreated rectorite is in general agreement with published data for rectorite, montmorillonite and beidellite (Farmer, 1967; Kloprogge et al., 1999; Kodama, 1966; Madejová, 2001; Shimoda and Brydon, 1971) . Although the spectrum of raw rectorite generally resembles a mixture of muscovite-paragonite and montmorillonite-beidellite spectra, it also contains unique bands and exhibits spectral sharpness not seen in either of the individual components or other interstratified clay mineral. Such bands at 1120 cm −1 , 993 cm −1 and 710 cm −1 are ascribed to Si-O stretching while the vibration at 925 cm −1 can be associated with the Al-OH deformation. Well-resolved sharp bands in the low frequency range from 450 cm −1 to 1200 cm −1 characteristic of phyllosilicate structure are present in both the raw and modified rectorite spectra. Apart from relatively minor shifts in peak positions, the modified forms feature considerable broadening of the absorption bands compared to those of neat sample. This is due to structural imperfections and reduced order arising from organic substitution.
FTIR
Two sharp bands at 1045 cm −1 and 1006 cm −1 assigned to Si-O-Si group are in close proximity to Si-O stretching in the tetrahedral sheet of beidellite at 1041 cm −1 and montmorillonite at 1010 cm −1 (Farmer, 1967) . Two bands at 820 cm −1 and 698 cm −1 closely resemble Al-O out of plane vibrations in beidellite at 819 cm −1 and Si-O-Al bending at 693 cm −1 . These originate from Al for Si substitutions in the tetrahedral sheet of beidellite and are analogues to similar vibrations in muscovite (Farmer, 1967) . The absorption peak at 892 cm −1 represents OH deformation band in either Al-OH-Al or Al (Fe 3+ )-OH groups described for Wyoming-type montmorillonite with high iron content (Russell, 1970) and results from the Fe 3+ for Al 3+ substitution in the octahedral sheet. However this vibration has also been reported for montmorillonites with very low iron content (Farmer, 1967) and could therefore also be ascribed to Al-OH band of rectorite. The OH absorption spectra in the high frequency region above 3500 cm −1 are generally similar for raw and modified rectorite with slight broadening and intensity progressively decreasing from double to single chain surfactant intercalation. The sharp intense absorption band at 3638 cm −1 corresponds to structural H bonding vibrations in Si-O-Si linkage of rectorite (Kloprogge et al., 1999) . Two less pronounced broad peaks at 3420 cm −1 and 1638 cm −1 are assigned to OH stretching and bending respectively in the H-O-H group of molecular water. The latter two are attributed to adsorbed and interlayer water molecules as both peaks disappeared upon heating at 200°C (Kodama, 1966) . The band at 3638 cm −1 disappears at 900°C following complete dehydroxylation of the structure. Where a very weak and broad band appears in the spectra of raw samples at around 1375 cm −1 , it is due to trace amounts of adsorbed NH 4 + . 
XRD and thermal analyses
Typical pXRD diffractograms for a raw and highly purified sample are presented in Figure 7 .
Quantitative pXRD analysis (See the Supplementary Material) of bulk material from the three samples showed heterogeneous mineral assemblage with rectorite content between 58
wt.% and 75 wt.% associated with quartz (7-49 wt.%) and chlorite (1-6 wt.%) in all three Overlays of XRD diffractograms recorded from rectorite specimens heated to 1200°C in steps of 50°C are presented in Figure 9 . The two methods generally agreed that full decomposition of rectorite occurred in three major steps with total weight loss of 15.2% On the TG/DSC plots a week broad peak at around 470°C and a more intense one at 715°C
are attributed to dehydroxylation. At 950°C formation of mullite commences, followed by cristobalite at 1050°C and albite at 1100°C. By 1000°C the clay structure is completely destroyed. The TGA curve indicated a mass loss of 7.7 wt.% between 500°C to 820°C related to dehydroxylation of structural hydroxyl groups.
NMR
NMR probes the local environment of the nucleus under study and thus it is focusing on the short-range order. NMR probes the local environment of the nucleus under study, it therefore is ideally suited for disordered materials or materials exhibiting short-range order only. The NMR spectra provide quantitative information complementary to the scattering experiments on the relative content of various species. NMR inherently gives an ensemble average.
Therefore solid-state NMR spectra of all NMR-active nuclei in the sample were recorded.
27 Al MAS NMR. 27 Al MAS (14 kHz) NMR spectra of all samples showed two signals with spinning side-bands (ssb) (Figure 10 line at ca. 5 ppm is attributed to six-coordinated (or octahedral or AlO 6 or Al-VI) Al site, while the second peak at ca. 70 ppm is known to arise from Al sites in the tetrahedral coordination (four-coordinated AlO 4 or Al-IV) ). The relative ratio of AlO 4 (Al-IV) to AlO 6 (Al-VI) is 1:2 and remained constant across all samples. Deviation from the characteristic second-order quadrupolar lineshape due to inhomogeneous broadening indicates a distribution of Al environments. The fit parameters changed only slightly within the uncertainty limits, pointing to the fact that the local structure around Al was not affected by purification and ion substitutions. Similar spectral parameters and the invariance of the 27 Al NMR spectra on modification of the local environment in interlayers were previously reported for synthetic beidellite (Kloprogge et al., 1992) . Slight deviations of the fit parameters for RT2 and its remarkable line broadening reflects a more disordered and less symmetric environment as compared to other samples (Table 1) . Si MAS NMR spectra were measured at two repetition time values in order (i) to obtain a sufficient signal-to-noise ratio for signal assignment and (ii) to obtain quantitative information from fully relaxed spectra. Five lines are found in all 29 Si spectra, which are attributed to silicon tetrahedra surrounded by aluminum atoms located in either the mica (m)
or the smectite (s) layers (Figure 10 (c) ). The nomenclature Si(nAl) designates a Si atom bonded via oxygen bridges to n Al atoms in tetrahedral sheets (n = 0-3). Due to their similar positions Si(0Al) m and Si(1Al) s cannot be distinguished in the present experiment. The
Si(nAl) intensity distribution presented in Table 2 shows a deviation from the expected binomial intensity distribution in mica pointing to a high degree of Al substitution (high fraction of the Si(3Al) m component). sharp signals at 2.1 ppm, 3.1 ppm, and 4.6 ppm and a broad background signal at ca. 8 ppm for the samples RT1 and RT3, while only two broad peaks are seen for RT2. The broadening can arise from structural disorder and/or the presence of minor paramagnetic impurities (for example, the presence of iron oxide or iron substitution in the octahedral sheets of the rectorite itself) and is consistent with the 27 Al and 23 Na data for RT2. The peaks at 2.1 ppm and 3.1 ppm are assigned to the hydroxide groups of hydrated Al 2 O 3 and SiO 2 in the mineral structure, while the peak at 4.6 ppm is attributed to water physically adsorbed on the mineral surface. Similar peaks have been noted in a study on aluminum layered hydroxides . In contrast with this study , the narrower linewidth and
Lorentzian lineshape in the present study point to weak residual dipolar interactions and thus higher mobility of water, because the proton dipolar coupling is the major source of broadening. The broad peak at ca. 8 ppm can arise from interlayer water surrounding the Na + in the interlayer space of the smectite layers. In general, the presence of water and hydroxide signals are in a good agreement with the FTIR data reported above.
23 Na MAS (20 kHz) NMR. The 23 Na NMR spectra of RT1 and RT3 exhibit at least three major components, while in the spectrum of RT2, only two components are resolved due to the very strong line broadening (Figure 10(e) ). The well resolved signal at the lowfield side (positive ppm values) characterized by a δ( 23 Na) value of ca. −5 ppm, a C Q value of 1 MHz, η of 0.5 and narrow line broadening is attributed to Na + fixed in between margarite tetrahedral sheets according to the literature data (Site I, green line in Figure 10 (e)) . Deviations in both δ( 23 Na) and C Q for RT2 point to changes in the local electron environment around the sodium atom in RT2 margarite sheets, while the increase of its linewidth (EM) indicates greater disorder in comparison to the other samples.
The high-field broad line represents a superposition of the components with more pronounced quadrupolar characteristic, in which the strength and distribution of quadrupolar interactions point to symmetry and ordering in the local sodium environment. Site II at ca.
δ( 23 Na) = −7 ppm possesses a large C Q of ca. 2.8 MHz (grey line in Figure 10 (e)), indicating even larger deviations from the spherical symmetry around a sodium atom in RT2 and RT3.
The higher EM value informs about structural inhomogeneity and disorder, which has been significantly improved in Sample RT3. Site III (blue line in Figure 10 (e)) is characterized, in general, by a δ( 23 Na) value of ca. −13 ppm and a C Q value of 1.2 to 1.5 MHz. According to the data reported for Beatrix rectorite , the high-field broad line giving rise to Sites II and III, may results from overlap between Na + fixed between paragonite tetrahedral sheets and exchangeable Na + . In addition, a very weak signal (lilac line in Figure   10 (e) at ca. 1 ppm and a C Q of 2.2 MHz (up to 5% of total intensity) is visible in RT1 and RT3. In literature, the narrow 23 Na peak at ca. 0 ppm is attributed to trapped Na + ions in symmetric cavities created by a mica-type stacking or to nonexchangeable part of the sodium interlayer cations (Möller et al., 2010) . In contrast to that work, the quadrupolar interactions for this peak are not averaged out, and it can tentatively be assigned to a variety of Na-containing mica in the samples under study. Although for accurate assignment additional experiments are required, the assumption is that Site III with smaller quadrupole parameters results from more mobile exchangeable Na + in smectitic interlayer. This allows to estimate the ratio of Na + fixed between margarite and paragonite tetrahedral sheets, which is found to be 1:0.8, 1:1.4 and 1:2.2 for RT1, RT2 and RT3, respectively. Exact quantification for RT2 is impossible at this stage due to strong signal overlapping. The effect of interlayer composition on the distribution of Na + for various exchanged forms of rectorite is beyond the scope of the present study.
In summary, the NMR results indicate that two Al sites are present in all rectorites (Al-VI and Al-IV). The local structure around Al does not vary upon modification and a high degree of Al substitution is indicated. Structural inhomogeneity and disorder are indicated for RT2 rectorite. The relative concentrations of Na + fixed between margarite and paragonite differ in the three rectorite samples.
XRF
Average chemical composition of purified rectorite (RT3) determined by XRF analysis is listed in Table 5 . Those with the highest rectorite content were recalculated adjusting for mineral impurities and used as basis to calculate the mean structural formula. with Na-Ca-rectorite and that conform well to previously reported data for rectorite from this locality von Rhaden, 1994) .
Smectites and other 2:1 layered structures commonly exhibit heterogeneous charge distribution among the different layers (Lagaly and Beneke, 1991) . In mixed layer structures heterogeneity is further emphasized by the existence of two types of 2:1 layers. The structural formulae therefore, derived from major element concentrations as above represent average compositions of the layers.
Conclusions
Based on major element concentrations, X-ray diffraction and NMR evidence, rectorite from Beatrix mine identifies with Na-Ca-rectorite, a dioctahedral regular interstratification of These conclusions are supported by the NMR and XRD findings discussed above and conform to previous reports of paragonite-margarite type mica layers alternating Namontmorillonite-beidellite swelling component in rectorite from this locality . Additionally, the 1 H MAS (20 kHz) NMR data reported in this work contributes to the understanding of the nature and position of the metal hydroxide groups in the mineral structure and physically adsorbed water and metal bound OH-groups in the rectorite studied here. A previous study on aluminum layered hydroxides ) reported similar peak positions, however peak characteristics observed in the present work point to weak residual dipolar interactions and thus higher mobility of water.
Although the bulk "in-situ" occurrence of rectorite in the three samples from Beatrix
Mine shows rather heterogeneous mineral associations and physical appearance,
